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About a half of the Fermi surface in rare-earth tritellurides RTe3 becomes gapped below the tran-
sition to a charge-density-wave (CDW) state, as revealed by ARPES data. However, the observed
jump in resistivity during the CDW transition is less than 20%. Previously this phenomenon was ex-
plained by hypothesizing a very slow evolution of CDW energy gap below transition temperature in
RTe3 compounds, which contradicts the X-ray measurements. Here we show that this weak change
in resistivity can be explained in the framework of standard mean-field temperature dependence of
the CDW energy gap in agreement with X-ray data. The change of resistivity caused by CDW is
weak because the decrease in conducting electron density at the Fermi level is almost compensated
by the decrease in their scattering rate. We calculate resistivity in RTe3 compounds using the
Boltzmann transport equation and the mean-field description of the CDW state, and obtain a good
agreement with experimental data.
I. INTRODUCTION
The charge-density-wave (CDW) ground state is rather common in strongly anisotropic metals [1, 2]. The typical
precursors of the CDW transition are strong electron-phonon (EPC) or/and electron-electron (e-e) coupling and the
nesting of Fermi surface (FS),[1] though the latter is not always a determining factor[3, 4]. In metals with (almost) ideal
FS nesting the CDW creates an energy gap on the Fermi level and converts a metal to an insulator or semiconductor.
In most CDW compounds the FS nesting is not perfect; then the FS is only partially gapped in the CDW state, and
the compound retains its metallic properties even in the CDW state. An example of such partially gapped CDW
compounds is the family of quasi-2D layered material, known as rare earth tritelluride (RTe3 :R=Y, La, Ce, Nd,
Sm, Gd, Tb, Ho, Dy, Er, Tm) [5]. These compounds are very convenient for the demonstration of various electronic
properties in a partial CDW-metallic state, and their electronic structure was studied extensively and with rather
high precision using ARPES (Angle Resolved Photo Emission Spectroscopy) [6–8] and through various other probing
methods [9–14].
RTe3 compounds have weakly orthorhombic layered crystal structure (Space Group: Cmcm) formed by sandwiching
two alternate puckered R-Te layers in between two double Te planes. We will mainly concentrate on terbium tritelluride
(TbTe3), which has two incommensurate CDW: one at high temperature with Tc1 = 336K and the second below
much lower temperature Tc2 = 41K. Above Tc2 = 41K it was shown to have unidirectional stripes as opposed to
checkerboard pattern observed below Tc2 = 41K, which somewhat resembles the behavior of under-doped cuprates[15].
The FS in TbTe3 at two different temperatures was measured by ARPES in Ref. [8], and the temperature dependence
of resistivity along different directions has been investigated in Refs. [13, 14]. Experimentally it has been found that
the resistivity in TbTe3 shows a too small and very anisotropic jump at the transition temperature Tc1 from metallic
to CDW state (see figure 1 of Ref. [13]), which is in contrast to the expected much larger jump. This phenomenon
has been explained in Ref. [13] only by assuming a very weak temperature dependence of the CDW energy ∆(T ) just
below Tc1, attributed to strong fluctuations and given by Eq. (9) below with α ≈ 2 instead of the mean-field-theory
value α = 1/2. However, the X-ray studies[11] suggest nearly the mean-field temperature evolution of the CDW order
parameter below Tc1 with α ≈ 1/2 (see Fig. 6 of Ref. [11]). In the present work we resolve this inconsistency and
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2show that the observed T-dependence of resistivity can be explained in the framework of mean-field dependence ∆(T ).
II. THEORY
The anisotropic resistivity (ρi = 1/σi) is calculated by using the Boltzmann transport equation (see Eq. (3.16) of
Ref. [16]), which gives
σi(T ) =2e
2
∑
k
τv2i (k) [−∂f0/∂ε]
= −e2
∫
v2i τ
∂f0
∂ε
g(ε)dε
dΩ
4π
,
(1)
where σi(T ) = 1/ρi is the conductivity along main axes i = x, y, z, vi(k) is electron velocity, k = {kx, ky, kz} is the
vector of electron momentum, ∂f0/∂ε = −1/{4T cosh
2 [(ε− EF )/(2T )]} is the derivative of the Fermi distribution
function, which restricts the summation over momentum to the vicinity of FS, EF is the Fermi energy, g(ε) is the
density of states (DOS), which depends on energy ε, and dΩ is the solid angle extended by an area in momentum space.
τ is the mean scattering time. At T ∼ Tc1 = 336K ≫ TD, where TD ≈ 180K is the Debye temperature, the electron
scattering comes mainly from the short-wavelength phonons. This scattering is similar to the scattering by short-
range impurites, because it also gives the momentum transfer of the order of Brillouin zone length, while the energy
transfer is ∼ kBTD ≪ T . Hence, similarly to the scattering by short-range impurities, in the Born approximation
or according to the golden Fermi rule, the scattering rate 1/τ is proportional to the density of electron states g(ε)
[16], which has a jump at Tc1 due to the opening of CDW energy gap. Also 1/τ is proportional to the number of
phonons, which grows linearly with T . Hence, the temperature dependence of scattering time is approximately given
by τ(T ) ∝ [Tρ(ε, T )]−1. Substituting this to Eq. (1) we can hypothesize that, in the CDW state as the temperature
decreases, the reduction of the density of electron states contributing to conductivity is compensated by the increase
in their scattering time. Hence, one does not observe a large jump in resistivity during the transition between CDW
and metallic state near Tc1. Below we substantiate this idea by direct calculations.
For materials with electron dispersion (ED) ε(kx, ky, kz, T ) the DOS is calculated as
g(ε) =
2
(2π)3
∫∫∫
dkxdkydkz δ[E − ε(kx, ky, kz, T )] , (2)
where the factor 2 is due to spin degeneracy of electrons. The integration in Eq. (2) is over the first Brillouin zone,
but due to the δ-function it is restricted to the FS, which is found by solving the equation ε(kx, ky, kz, T ) = EF .
Because we are interested in layered materials, all the analysis is done for 2D case (although the same procedure
can be applied to 3D materials). For 2D material the electron dispersion depends only on 2 momentum components
(let it be kx and ky). Then Eq. (2) reduces to
g(ε) =
2
(2π)2
∫∫
dkxdky δ[E − ε(kx, ky, T )] . (3)
Below all functions in the text explicitly depends on kx, ky , T unless otherwise mentioned.
In the mean field approximation the electron dispersion (ED) in a CDW state is given by[1]
ε(k) =
ǫ(k) + ǫ(k −Q)
2
±
√
[ǫ(k)− ǫ(k −Q)]
2
4
+ ∆2
0
(T ) , (4)
where Q is the CDW wave vector and the energy gap ∆ is momentum-independent. If the anti-nesting term ǫ(k) +
ǫ(k−Q) < 2∆0(T ), the corresponding k-state acquires a gap at the Fermi level. The mean-field dispersion in Eq. (4)
is often simplified to
ε(k) ≈
√
[ǫ(k)− ǫ(k −Q)]
2
4
+ ∆2(k, T ) , (5)
where the energy gap ∆(k, T ) now depends on electron momentum and reduces with the increase of the anti-nesting
term ǫ(k) + ǫ(k − Q), being non-zero only if ǫ(k) + ǫ(k − Q) < 2∆0(T ). Since for the well-nested parts of FS
[ǫ(k)− ǫ(k −Q)] /2 ≈ ǫ(k), Eq. (5) simplifies to
ε(k) ≈
√
ǫ(k)2 +∆(k, T )2. (6)
3We will use this reduced ED for further calculations.
In RTe3 materials in the CDW phase the FS is only partially gapped, i.e. for wave vector |kx| < kx0 the ED
contains nonzero energy gap ∆, and for the remaining part ∆ = 0. Hence, the ED for |kx| < kx0 is given as
ε(k) =
√
ǫ(k)2 +∆(T )2, and for the remaining part of FS it transforms to ε(k) = ǫ(k). Due to this discontinuity in
ED, the DOS g(ε) for partially gapped FS is calculated piecewise. Hence, g(ε) from Eq. (3) for the partially gapped
FS is found as
gtot(ε) = ggap(ε) + gungap(ε)
=
1
π2
∫ pi/a
−pi/a
dky
∫ kx0
0
dkx δ(ε−
√
ǫ2 +∆2)
+
∫ pi/a
kx0
dkx δ(ε− ǫ)
(7)
Where gtot(ε) is the total DOS in the CDW state, ggap(ε) is the DOS contribution from the gapped parts of FS,
gungap(ε) is DOS from the ungapped part of FS, a is the lattice constant. We should note that Eq. (7) is temperature
dependent. Above Tc1 the first term in Eq. (7) vanishes and total DOS is only given by ungapped part, which is the
metallic DOS gmet(ε).
For RTe3 compounds ǫ is found in the tight-binding approximation (see Eq. (2) of Ref. [6]):
ǫ = −2t‖ cos[(kx ± ky)a/2]− 2t⊥ cos[(kx ∓ ky)a/2]− EF , (8)
where t‖ and t⊥ are the parallel- and perpendicular-to-chain electron hopping integrals. Momentum dependence of
energy gap ∆ is found by fitting the experimental data (see Fig. 13 of Ref. [6]):
∆ = ∆0
(
1−
T 2
T 2c1
)α(
1−
k2x
k2xo
)
, (9)
In the mean-field approximation the temperature dependence of ∆ is given by α = 1/2, which we use in our calcula-
tions. If t‖ ≫ t⊥ the ED in Eq. (8) simplifies to a quasi-1D chain ED, given by Eq. (1.13) of Ref. [1].
The procedure of calculating the gapped part of DOS g(ε)gap taking into account CDW fluctuations has already
been described in Ref. [17–19]. Here we briefly repeat the necessary steps of calculation for completeness of this
article. First we find the temperature dependent coherence length ξ using the Ginzburg-Landau functional (GLF) and
mean-field theory. In the next step we use ξ and the energy gap ∆ in the one particle Green’s function. The major
property of this Green’s function is that it considers the effect of only near neighbor degenerate states. Using this
Green’s function we find the electronic properties of the material. The GLF is given as
F = F (0) +
∫
dx
[
a|∆|2 + b|∆|4 + c
∣∣∣∣d∆dx
∣∣∣∣
2
]
,
where
a =
D0(T − Tc)
Tc
; b = D0
[
b0 + (b1 − b0)
T
Tc
]
,
c = D0 + ξ
2(T ) , ξ2 =
7ζ(3)v2f
16π2k2T 2
,
b0 = 0.5/(1.76
2) , b1 =
7ζ(3)
16π2
,
D0 = Density of states at T = Tc at Energy Ef .
(10)
Here the values of a, b, c are found from the mean field calculation (see Sec. 5.1 of Ref. [1] for complete derivation of
the values given in Eq. (10)). In next step we use ξ and ∆ in one particle Green’s functions and keep the terms with
coupling between nearly degenerate states (See Eq. 5 of Ref. [17]), which is written as
G−1(k,E) = E−ǫ(k)−
∫
dQ S(Q)〈∆2〉
× [E − ǫ(k ±Q) + iδ]−1.
(11)
4The structure factor S(Q) is the Lorentzian with origin at Q = 2kf and of width ξ
−1(T ). Next we take the integral
over Q in Eq. (11), which results in
G−1(k,E) = E−ǫ(k)− 〈∆2〉
× [E − vf (|k| − kf ) + ιvf ξ
−1(T )]−1.
(12)
In the last step we integrate the imaginary part of Eq. (12) to get the DOS from the gapped part of FS as follows
ggap(E)
gmet(E)
=
α
√
[2(y + x)]
[2(y + x)− α2] y
,
where,
ω˜ = E/∆, α = vf/(ξ
−1∆),
x = 1 + 0.25α2 − ω˜2, y =
√
(x2 + ω˜2α2).
(13)
In Eq. (13) gmet(E) is DOS in the metallic state above CDW transition temperature.
The total DOS can be found as a sum of contributions ggap(ε) from Eq. (13) and gungap(ε) from ungapped parts:
gtot(ε) = gmet(ε)[(1− η) + η ggap(ε)/gmet(ε)] , (14)
where η ≈ kx0a/π is the ratio between gapped and total FS length. Finally, from Eqs. (13),(14) we obtain
gtot(ε) = gmet(ε)
[(
1−
akx0
π
)
+
(
akx0
π
α
√
[2(y + x)]
[2(y + x)− α2] y
)]
. (15)
Figure 1: Plot of ratio of DOS under CDW state to DOS in normal metallic state calculated from Eq. 14 for T=50K (blue
solid line), T=150K(orange dashed line), T=300K (green dot-dashed line). EF = 1.48eV, η = 0.4 has been used from Ref. [13].
Inset: The DOS dependence on η (0 < η < 1) at T=50K.
III. COMPARISON WITH EXPERIMENT AND DISCUSSION
The ratio of DOS in CDW and metallic phases in TbTe3 for three different temperatures is plotted in figure 1. In
this plot we used the experimental values for ∆0 = 0.27eV , kx0 = 0.29A˚
−1, η = 0.4, t‖ = 2eV, t⊥ = 0.37eV, a = 4.4A˚,
EF = 1.48eV for TbTe3 given in Ref. [6]. As expected, the DOS does not get to zero at the Fermi level for very low
temperature due to contribution from the ungapped part of FS. In the inset figure 1 we show the evolution of DOS
with the increase of fraction η of the gapped part of Fermi surface. We notice that as η goes towards unity, i.e the
whole FS becomes gapped, DOS goes to zero at the Fermi level.
The conductivity is calculated using Eq. (1). The electron velocity vi is found by differentiating the energy
dispersion relation in Eqs. (6),(8): vi = ∂ǫ/∂ki. The temperature-dependent relaxation time decreases with the
increase of temperature according to τ(T ) ∝ [Tρ(ε, T )]−1. Eq. (1) is evaluated numerically by integrating over the
5Figure 2: Comparison of the experimental resistivity in TbTe3 (solid red curve), extracted from Fig. 1 of Ref. [13], and
theoretical resistivity (blue dashed curve) calculated from Eq. 1. Experimental plot is found by taking average of ρa and ρc.
whole Fermi surface, and the resulting resistivity plot is shown in Fig. 2. As one can see from this figure, the jump
of resistivity is very small at the transition temperature of 330K. This supports our hypothesis that although the
number of charged quasiparticles contributing to conductivity below the CDW transition temperature decreases, it is
compensated by the increase in their relaxation time τ .
The obtained theoretical curve for resistivity shows good agreement with experimental data. However, its calculation
is done for the reduced electron dispersion in CDW state given by Eq. (6). It would be useful to perform similar
calculation for the full mean-field dispersion in the presence of CDW with imperfect nesting, given by Eq. (4). Also
it will be interesting to compare the results with and without the effect of fluctuations. We leave these and other
relevant questions for future work.
IV. ACKNOWLEDGMENT
The work was carried out with financial support from the Ministry of Education and Science of the Russian
Federation in the framework of increase Competitiveness Program of NUST MISIS, implemented by a governmental
decree dated 16th of March 2013, No 211, and from Russian Science Foundation (project # 16-42-01100). P.G. also
thanks RFBR grant # 17-52-150007.
[1] G. Gruner 1994 Density Waves in Solids Addison-Wesley Pub. Co.
[2] Monceau P., 2012 Advances in Physics 61, 325
[3] Johannes M. D. and Mazin I. I. 2008 Phys. Rev. B 77, 165135
[4] Zhu X, Guo J, Zhang J and Plummer E W 2017 Adv. Phys. X 2 622
[5] Norling B K and Steinfink H 1966 Inorg. Chem. 5 1488
[6] Brouet V, Yang W L, Zhou X J, Hussain Z, Moore R G, He R, Lu D H, Shen Z X, Laverock J, Dugdale S B, Ru N and
Fisher I R 2008 Phys. Rev. B 77 235104
[7] Brouet V, Yang W L, Zhou X J, Hussain Z, Ru N, Shin K Y, Fisher I R and Shen Z X 2004 Phys. Rev. Lett. 93 126405
[8] Schmitt F, Kirchmann P S, Bovensiepen U, Moore R G, Chu J H, Lu D H, Rettig L, Wolf M, Fisher I R and Shen Z X
2011 New J. Phys. 13 063022
[9] Lavagnini M, Baldini M, Sacchetti A, Di Castro D, Delley B, Monnier R, Chu J H, Ru N, Fisher I R, Postorino P and
Degiorgi L 2008 Phys. Rev. B 78 201101
[10] Ru N, Chu J H and Fisher I R 2008 Phys. Rev. B 78 012410
[11] N. Ru, C. L. Condron, G. Y. Margulis, K. Y. Shin, J. Laverock, S. B. Dugdale, M. F. Toney, and I. R. Fisher, Phys. Rev.
B 77, 035114 (2008).
[12] Sacchetti A, Degiorgi L, Giamarchi T, Ru N and Fisher I R 2006 Phys. Rev. B 74
[13] Sinchenko A A, Grigoriev P D, Lejay P and Monceau P 2014 Phys. Rev. Lett. 112 036601
[14] Sinchenko A, Lejay P, Leynaud O and Monceau P 2014 Solid State Commun. 188 67
[15] LeBoeuf D, Kramer S, Hardy W N, Liang R, Bonn D A and Proust C 2013 Nat. Phys. 9 79
[16] A. A. Abrikosov 1988 Fundamentals of Theory of Metals North-Holland
[17] Lee P A, Rice T M and Anderson P W 1973 Phys. Rev. Lett. 31 462.
[18] Scalapino D J, Sears M, Ferrel R Al, Scalapino D J, Sears M and Ferrel R A 1972 Phys. Rev. B 6 3409
6[19] Suzumura Y 1987 J. Phys. Soc. Japan 56 2494
